MgO-C refractories are used in basic furnaces and steel ladles due to their many desirable properties, such as excellent thermal shock resistance via low thermal expansion, and high thermal conductivity. However, the mechanical and thermal properties of the refractory continuously deteriorate by spalling phenomena and pore generation due to the oxidation of graphite, used as a carbon source, indicating that the characteristics and performance of MgO-C refractories need to be improved by using a new material or composition. In this study, the use of a Hertzian indentation test as a method for determining the damage and fracture behavior of an MgO-C refractory is described. The results highlight that Hertzain indentation tests can be one of the important evaluation tools for quasi-plastic damage accumulation of MgO-C refractories during falling process of scrap metal.
Introduction
enerally, magnesia (MgO) in the form of magnesia-carbon (MgO-C) is the most important refractory material for the steelmaking process. The material has an appropriate melting point and abrasion resistance while the carbon distributed in the matrix between the MgO aggregates elevates the thermal conductivity of refractories, and improves the spalling resistance and corrosion resistance of slags.
)
The amount being used in making the molten pig-iron in blast furnaces recently is declining. Meanwhile, the number of processes that use large amounts of scrap is increasing, due to environmentally friendly considerations such as CO 2 reduction. As a result, the life expectancy of MgO-C refractories used in converters is decreasing due to damage from scrap drop impacts.
This is a major factor affecting steelmaking productivity and production costs. In order to prevent damage to MgO-C refractories, efforts are being made to improve their strength, and the carbon content of 20% and higher in conventional MgO-C refractories is being reduced to about 10% and lower.
Reducing the carbon content in MgO-C refractories results in a decrease in refractory thermal conductivity, increase of the modulus of elasticity, and a reduction in resistance to spalling degradation from thermal shock. To avoid these issues, various studies have been carried out to improve strength and spalling resistance within refractories using expanded graphite, carbon nanoparticles, or CNT. A previous study focused on evaluating the mechanical properties of the improved refractory by comparing compressive and bending strengths (3-point bending test), but an appropriate evaluation of MgO-C refractory impact damage caused by massive metal scrap drops in the converter was not conducted, and the experimental approach to determining the causal mechanism was limited. Therefore, in this study, the Hertzian indentation test was applied as an evaluation method to quantify the impacts on the refractory, to investigate their effect on refractory damage. The material properties were determined by evaluating mechanical and damage durability. Since the 1980s, spherical indentation has been used to evaluate the damage resistance of ceramics. In this approach, irreversible deformation in a ceramic is caused by contact with or impact of a spherical ball, and the damage region contains microcracks by dislocation which are generally found in metals.
Thus, the Hertzian indentation test supplements the evaluation of mechanical properties using conventionally applied tensile, torsion, bending strength, and compression tests in order to assess the deformation and failure characteristics of ceramics. In addition, while the conventional sharp indentation method applies a load to analyze the material properties through plastic deformation, the Hertzian indentation test uses a spherical indenter to contact the test specimen, and investigates the damage, including the displacement and mechanical behavior, based on the indentation load.
In this study, the effect of carbon content and antioxidant type and content on indentation load-displacement behavior G Communication was evaluated and investigated. In particular, the size and speed of the indentation were controlled to assess damage durability, taking into consideration the scrap curvature radius and impact velocity. Based on the room temperature experiment results, experimentation was then carried out at 1500 o C, which is the actual temperature at which MgO-C refractories operate, and indentation testing applicable to high temperatures was conducted. Table 1 shows the composition of the refractory used in the experimentation. The composition shown in Table 1 used commercial refractory raw materials. The main constituents were MgO (98% purity, white fused MgO, POSCO Chemtech) and carbon (graphite, 98% purity, POSCO Chemtech) while a metallic antioxidant (metallic Al, Si, POSCO Chemtech) was mixed in at 4−9 wt% of the total mass, to prevent the oxidation of carbon. Alumina (fused Al
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Starting Material and Test Specimen Fabrication
powder, < 74 µm, 98%, POSCO Chemtech) was mixed with the metallic antioxidant within 2 wt% of the total mass ratio, to control the explosive properties of the metallic antioxidant and improve oxidation resistance at high temperatures.
For the metallic antioxidant, samples that only used Al, and samples that used Al/Si together, were fabricated. The carbon content and antioxidant type and content were varied, and roll milling was conducted by mixing liquid phenol resin binder to obtain a uniform mixture. The mixture was then cured for 24 h at 80 o C followed by uniaxial pressing to fabricate the samples. Lastly, the samples were dried at 120 o C to prepare the test specimens. For the experiments, all the specimens were dry cut and polished to prevent defects from hydration.
Property Evaluation
In order to evaluate the properties of the MgO-C refractories, and compare the conventional bending strength method with the Hertzian indentation method, the test specimens were processed to be the same dimensions of 20 × 20 × 80 mm. For the bending strength test, a maximum pressure of 5 tons was possible, and measurements were carried out at 1500 o C under an Ar (99.9%) atmosphere in a vacuum chamber. The 3-point bending strength was assessed with a crosshead speed of 0.2 mm/min at a span distance of 60 mm, and at least 5 measurements were performed for each specimen composition.
For the Hertzian indentation, the same hot bending strength test equipment mentioned earlier was used. For the indentation at high temperatures of 1500 o C and higher, the indenter was a spherical ball of 2.20−6.36 mm made of carbon (graphite). The MgO-C refractory specimen was coated with gold for convenient observation of the indentation size (contact area), and the speed of indentation was varied from 0.2−0.5 mm/min, as shown in Fig. 1 . After the indentation testing, the damage was observed using an optical microscope and the indentation load-deformation behavior was measured according to the indenter size, load, and indentation speed. Also, the residual and maximum stresses were measured through the damage range caused by the contact between the indenter and test specimen at room and high temperatures, in order to investigate the impact of the indentation temperature. Figure 2 shows diagrams illustrating the indentation load-deformation behavior and cracking behavior that occurred in the Hertzian indentation testing. Damage and fractures formed in the following order. (a) The surface responded linearly to the indentation and since the response of the refractory being indented was elastic, the specimen recovered to its original form once the load was removed. (b) A ring fracture was formed outside the spherical indenter area due to the increased compression produced by the indentation, and deformation occurred because the specimen did not recover to its original form when the load was removed. (c) When the compression was further increased, crack formation increased due to the effect of the loading.
Results and Discussion
Hertzian Indentation Test
(d) When the load was removed, the cracks closed, and the cracks propagated in the refractory as in a quasi-plastic domain. When stress was continuously applied, the material was damaged, and it was observed that deformation remained after the stress was removed, as the specimen did not recover back to its original form. 
Indentation Characteristics According to the Carbon and Antioxidant Content and Composition
In order to investigate the effect of the carbon content on the indentation load-displacement behavior of the MgO-C refractory, the displacement in specimens with varying carbon content (A and B type specimens in Table 1 ) was measured according to the indentation load, and the results are shown in Fig. 3 . The deformation of the A-3 specimen, which had the lowest carbon content among the A type specimens, was found to be the smallest. Meanwhile, the difference in the deformations of the A-1 and A-2 specimens with the same carbon content was determined to be a result of the effect of the antioxidant and other additives in addition to carbon.
The B type specimens had higher carbon content than the A type specimens and the large difference in the carbon content between the specimen types was thought to result in the large differences in deformation. The contact areas on the surface of the specimens were measured with different carbon contents (B type specimens) for a contact load of 500N and an indenter with 6.36 mm radius (Fig. 4) .
Finally, when the surface (contact area) of the refractory, which is a composite material, was observed after indentation, the deformation was found to be small for the specimen with low carbon content, and the deformation was large for the specimen with high carbon content. As the carbon content increased, brittle fracture, which also appears in ceramics, was suppressed and deformation damage occurred (residual displacement). This result was due to the decreased modulus of elasticity of the refractory when the carbon content was increased. Figure 5 shows the stress load-displacement behavior measured for specimens with varying antioxidant compositions in the MgO-C refractory. The result for the B-1 specimen containing both Al and Si showed that the deformation was relatively smaller compared to the A-1 specimens. Accordingly, it was determined that the major factor influencing the stress load-displacement was the antioxidant composition, rather than the carbon content. This result showed that the Hertzian indentation test offered clearer discernment in its results in comparison to the strength result of the conventional bending strength test method. These refractory experiment results regarding carbon content in MgO-C were in agreement with the results of the previously conducted Hertzian indentation testing. 
Indentation Characteristics According to the Indentation Temperature
The Al antioxidant commonly used in this study improves strength as it turns to Al The maximum and residual deformation difference was analyzed using the deformation according to temperature, to investigate the reaction of the metallic antioxidant contained in the refractory. The experiment was conducted at the actual temperature that the refractories are used, and the measurement results are shown in Fig. 7(b) . As the temperature during indentation increased, the maximum and residual deformation showed a tendency to decrease up to 1200 o C and a tendency to increase afterwards, which was in agreement with the indentation stress-displacement behavior shown in Fig. 7(a) .
Fracture Strength and Indentation Load-Displacement Behavior Comparison
Compared to the bending strength test, which can only carry out one test for one specimen, the Hertzian indentation test method does not damage the material or need to be applied up to the critical load, so multiple tests are possible, allowing more and more diverse results. Also, unlike the bending strength test, which employs a specified standard, the Hertzian indentation test is not largely influenced by the specimen size. Thus, the load range for investigating the refractory indentation load-deformation behavior using the Hertzian indentation method was set to 500N, and the load- ing rate was set to 0.2 mm/min for the measurements at high temperature, 1500 o C. Fig. 8 shows the results compared with the conventional bending strength property evaluation.
It was found that the B-2 specimen, which had greater carbon content compared to the B-1 specimen, deformed at small loads. Since this is affected by the binder content and manufacturing strength during fabrication, it was observed that the elastic modulus and strength were high when the carbon content decreased.
In contrast to this result, the conventional strength method result revealed that the strength of the B-1 specimen with a low carbon content was higher than that of the B-3 specimen but the difference was insignificant, so the effect of the carbon content could not be properly observed. Based on these results, it was determined that evaluating the properties of the refractory can be adequately carried out using the stress-deformation curve from the Hertzian indentation test method.
Indentation Characteristics According to Indentation Conditions
To investigate the impact fracture produced by refractory scraps, the effect of the drop speed has to be considered. This was reproduced by varying the indentation speed at 1500 o C for the B type specimens, which had a large carbon content range from 5% to 17%, to measure the maximum displacement, which is shown in Fig. 9 . When the indentation speed was low, the load during indentation was transferred to the refractory in its entirety, but when the indentation speed increased, the deformation tended to decrease. When the indentation speed increased, the impact energy dissipated so that the load was not transferred to the test specimen in its entirety.
The Hertzian indentation test was conducted with various indenter sizes to investigate the effect of the curvature radius of the scrap that comes into contact with the refractory. However, the refractory is composed of various compositions and particle sizes, which means the refractory does not have a uniform structure, thus, the displacement according to the load was measured using indenters of different sizes. Fig. 10 shows the measurement results for the MgO-C refractory with 5% carbon content using a constant load, indentation speed of 0.2 mm/min, and indenters of 2.20, 3.18, and 6.36 mm sizes. As the indenter size increased, the contact area increased, reducing the stress on the refractory, so a relatively large indenter resulted in a smaller indentation displacement for a constant load.
However, because the refractory does not have a uniform microstructure, varying slopes were obtained depending on the indenter size, so the elastic modulus varied.
Indentation Characteristics According to the Repetition Number
The Hertzian indentation fatigue test was conducted to predict the lifespan due to the drop impact of scraps on the refractory. To obtain the fatigue characteristics, experiments were carried out with specimens having 17% carbon content, for a constant indentation load of 500N and temperature of 1500 o C, the level at which refractories actually operate. Fig. 11 shows the experimental results. It was found that the damage size tended to increase gradually along with the contact fatigue, and that the damage size saturated above a certain repetition number. Additionally, it is thought that the damage size will saturate for small repetition numbers when the carbon content is low. The importance of the initial damage was observed, as the variation range decreased above a certain repetition number. This result was similar to the observed amount of erosion related to the frequent use of the charging pad lining of MgO-C refractory in converter, where scrap drop impacts occur on actual converters.
Conclusions
In this study, the Hertzian indentation test was used to investigate the damage mechanism, and as the impact fracture evaluation method, for scrap drops during converter operation. Stress load-displacement and damage behaviors were evaluated based on the carbon content and antioxidant content and composition, using the Hertzian indentation test. It was found that the maximum and residual deformation of the refractory increased as the carbon content increased, at room and high temperatures, and the elastic modulus decreased. Also, tests revealed tendencies of decreasing maximum and residual deformation as the indenter size increased, and decreasing deformation for high loading rates. However, the deformation increased according to the loading rate. Using these results, the conventional refractory characteristic evaluation method was used to predict property changes according to difficult composition changes as well as observe the refractory damage behavior. Because the impact energy of scrap drops on refractories can vary depending on the scrap shape, including a spherical shape, the Hertzian indentation test is expected to be useful in the prediction of refractory lifetime due to scrap drops. The findings of this study can be utilized to identify the impact fracture mechanism, based on scrap charging in actual converter operation.
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